Flow ratiometry is a specialized continuous-flow analysis scheme, where two independently delivered solutions (e.g., reagent and sample) are merged at various flow ratios (Rf). The information of interest is determined by analyzing the relationship between Rf and the analytical signal (Vd). We have applied this method to determine the distribution coefficients (KD) of phenol and benzoic acid, as well as their derivatives. [1] [2] [3] Feedback-based flow ratiometry (FFR) is a variation of flow ratiometry, which was originally developed for on-line titrations. 4, 5 The scan range of the titrant/titrand flow ratio was narrowed down to the domain just around the equivalence point (EP) by feeding back information about Vd to the pump speed. Thus, high-throughput measurements with low consumptions of the reagents/samples were realized.
Experimental

Flow system
In the previous flow scheme with direct EP1/2 determination, 6 the total (titrand + titrant) flow rate was held constant in order to keep the reaction time constant. This time corresponds to the physical transit time of the merged solution from the confluence point to the detector. The titrant/titrand flow ratio can be varied from 0 to ∞, in theory, which makes the applicable range of the analyte concentration wider. However, such a wide applicable range is not necessary for pKa determination by flow ratiometry. In addition, the constancy of the physical transit time is not a requirement as long as the reaction proceeds very rapidly. Therefore, the flow scheme with a constant titrand flow rate instead of a constant total flow rate was adopted in the present study. This scheme has a merit of making the inflection point of the titration curve at EP1/2 clearer, because the titrant/titrand flow ratio varies in proportion to the titrant flow rate. Figure 1 shows the flow system. Two peristaltic pumps (P1 and P2) were used to deliver titrand (A) and titrant (B), respectively. The flow rate (FA) of the titrand was held constant at 0.92 cm 3 min -1 . The flow rate (FB) of the titrant (0.1 mol dm -3 NaOH or HCl) varied in response to a control voltage (Vc; 0 -5 V) generated from a controller (PC) through a PC card. Software written in-house in Visual BASIC ® generated Vc, acquired data, and analyzed them automatically. The solutions were merged at the confluence point (C) and led to a mixing reactor (MR), which had sufficient length to reach the reaction. 6, 7 The mixed solution came into a flow cell (FC), where the pH of the solution was measured with a glass electrode connected to a pH meter (D). The electrode was calibrated daily before the measurements with standard pH buffers in the flow mode. The output signal (Vd) from the pH meter (-0.7 -+0.7 V for pH 0 -14) was digitized and acquired as a Microsoft Excel ® format. Acid dissociation constants (Ka) were determined through the rapid detection of the half equivalence point (EP1/2) based on a feedback-based flow ratiometry. A titrand, delivered at a constant flow rate, was merged with a titrant, whose flow rate was varied in response to a control voltage (Vc) from a controller. Downstream, the pH of the mixed solution was monitored. Initially, Vc was increased linearly. At the instance that the detector sensed EP1/2, the ramp direction of Vc changed downward. When EP1/2 was sensed again, Vc was increased again. This series of process was repeated automatically. The pH at EP1/2 was regarded as being pKa of the analyte after an activity correction. Satisfactory results were obtained for different acids in various matrices with good precision (RSD ≈3%) at a throughput rate of 56 s/determination. filter of 391 raw detector signals (0.05 s resolution) was selected to obtain reliable values of Vd (previous filtration, 6 moving average of 51 raw detector signals).
Reagents
The reagents (analytical reagent grade; Kanto Chemicals or Nacalai Tesque) were used without further purification. Milli-Q SP grade deionized water was used throughout. Figure 2 shows both the principle and results of the present method (analyte, CH3COOH). Initially, the controller output voltage (Vc), and thus the titrant (NaOH) flow rate is increased linearly. The Vc determines the composition of the mixed solution at the confluence point (C in Fig. 1 ). The pH of the mixed solution increases with Vc after some delay. Three factors contribute to the delay: the physical transit time of the merged solution from the confluence point to the detector, the response time of the electrode and the data-processing time for noise filtration. The physical transit time is dependent on Vc, because the total flow rate is not constant, but varies according to Vc. At the instance when EP1/2 is located (A), where the titration curve shows an inflection point (minimum dpH/dt), the ramp direction of Vc is changed downwards (A′). A small lag time between A and A′ is attributed to additional 175 data points (corresponding to 8.75 s) after EP1/2, which are essential to accurately judge the inflection point. The pH of the mixed solution further increases because of the delay, and then decreases. When EP1/2 is sensed again (B), the ramp direction of Vc is changed upwards (B′). The reason for the lag time from B to B′ is the same as that from A to A′, described above. These processes, repeated automatically, give a triangular waveform for Vc. The pKa of the analyte is determined from the pH at the EP1/2, pH1/2. An activity correction is made for computing pKa; for a monoprotic acid (HA), for example, pKa is estimated form the equation pKa = pH1/2 -log γA -, where γA -is the activity coefficient of the conjugate base (A -) of HA. The activity coefficient is calculated from Davies equation:
Principles
8 log γi = -0.51zi 2 {I 0.5 /(1 + I 0.5 ) -0.3I}, where zi and I are the valency of the ion and the ionic strength of the medium, respectively. It is possible to determine pKa twice per one Vc cycle.
Results and Discussion
Titration curves
Curve A in Fig. 3 shows a titration curve (CH3COOH vs. NaOH) obtained by the present method. The curve is loop shaped with hysteresis because of the delay mentioned above. It is constituted of 9211 discrete points, corresponding to 4 Vc cycles, requiring 56 s/determination. Fixed triangular wavecontrolled flow ratiometry 6 (Vc, 0 -5 V; scan rate of Vc, 20 mV s -1 ; data-acquisition frequency, 5 Hz) was also applied to the same set of titrand and titrant. The result is shown in this figure as curve B. This includes 4820 data points corresponding to 2 Vc cycles, requiring 235 s/determination. These results clearly show that the present approach with feedback-based control can avoid scanning in needless ranges, thus enabling highthroughput measurement.
Applications to various acids and bases
The dissociation constants of various acids and bases were determined, and the results are listed in Table 1 along with the literature values. 9 As for H3PO4 and Na2CO3, the first or second dissociation constants were independently determined by setting the lower and upper pH limits for the EP1/2 determination as software parameters to confine the scan to the desired titration step. The obtained values were in good agreement with the literature values and the RSD was 0.99% (mean value).
Effects of the ionic strength and dielectric constant
Various amounts of NaCl or acetonitrile (MeCN) were added in both the tirtand (CH3COOH) and titrant (NaOH) in order to study the effect of the ionic strength (I) or the dielectric constant (permittivity; ε). In the mixed-solvent system, the pH was measured with an electrode pre-calibrated with aqueous standard pH buffers. The measured pH ( 10, 11 In conclusion, the present approach, based on a feedback-based flow ratiometry, is very applicable to the rapid determination of acid/base dissociation constants in various matrices. The method is simple, precise (RSD < 1%) and affordable. Compared with the former configuration with a constant total flow rate, where our algorithm tended to locate the EP1/2 in a slightly premature fashion, 6 the EP1/2 detection became much more accurate by virtue of improvements in flow scheme and noise-filtration technique.
However, the extensive noise filtration required a compromise in respect to the throughput rate: 56 s/determination (the previous system: 6 26 s/determination). Table 1 Dissociation constants of acid and bases determined by feedback-based flow ratiometry a. At 25˚C except for the value denoted by the superscript "*" (20˚C). In the case of basic compounds (i.e., NH3 and Na2CO3), 1.01 × 10 -14 was used as the ion product of water (Kw) 9 for the calculations of the base dissociation constants Kb. (9) 3.67 pKb2 7.770 0.021 (9) 7.64
